Lipemia in man is characterized by the presence of fat particles circulating in plasma (1) . These fat particles are the largest of the plasma lipid-protein aggregates, contain predominately triglyceride, and when present in sufficient concentration, cause plasma to appear turbid or lactescent (2) . The persistence of lipemic plasma in the postabsorptive state is considered to be abnormal.
In the absence of an underlying major disease (notably insulin-dependent diabetes, pancreatitis, or nephrosis) the cause of hyperlipemia is unknown (3). Ahrens and colleagues (4-6) have described two forms of primary hyperlipemia, separable in part by their response to low-fat, high-carbohydrate diets. In "fat-induced lipemia," plasma clears as a result of dietary fat reduction, whereas in "carbohydrate-induced lipemia" grossly visible lipemia is maintained. These divergent dietary responses suggest that the fat particles accumulating in plasma of hyperlipemic patients may have different properties. It has recently been shown that the plasma fat particles of normal subjects following high-fat meals are heterogeneous (7) . Even though they all readily float in saline (D < 1.006), they can be fractionated into distinct classes by zone elec-* Submitted for publication August 17, 1964 trophoresis on a nonadsorbing medium, such as granular starch, and by differential flocculation in polyvinylpyrrolidone (PVP) gradients (8) . "Primary" particles migrate in the alpha2 globulin region, flocculate at the top of the PVP solution, and appear to be identical with particles in lymph (chylomicrons). On the other hand, "secondary" particles migrate in the beta globulin re- gion, flocculate at the bottom of the PVP solution, and possibly originate in the liver. Both types of particle produced in normals are rich in triglyceride (85 to 90%o of the particle mass) and are estimated to be larger than 75 to 100 mp in diameter (Sf > 400).
An index to the nature of certain forms of hyperlipemia might be obtained from a characterization of plasma particulate fat by these fractionation techniques. Swahn found that a variety of lipemic plasma samples, analyzed by free electrophoresis, contained two turbid peaks (9) . Similar results were obtained by Carlson and 01-hagen, using starch column electrophoresis, in plasma from a patient with "essential" hyperlipemia (10) . Presumably, these samples were obtained from patients whose diets contained fat. In the present study, particulate fat in plasma of hyperlipemic subjects has been characterized during prolonged periods of ingestion of fat-free diets. Patients who remain grossly hyperlipemic under these circumstances were found to have a homogeneous group of plasma fat, particles distinct from those appearing after fat ingestion.
Methods
Clinical procedures. Patients with grossly turbid plasma in the postabsorptive state and without manifest renal, hepatic, or thyroid disease were studied on a metabolic ward. Each patient received sufficient calories to maintain body weight Weight variations did not exceed + 1 kg. When initial observations had been made after patients were on a basal diet (40% fat calories, 45% carbohydrate calories, 15% protein calories) for at least 1 week, they received a diet consisting of 85% carbohydrate calories, 15% protein calories, and virtually no fat. The diet was either totally liquid or was modified by the addition of rice, matzos, fruit, sucrose, and fat-free vegetables. The source of carbohydrate in the liquid formula was either dextrose or a mixture of dextrins and maltose (Dextri-maltose) .1
Intravenous glucose tolerance tests were performed using 0.5 g per kg rapid (< 5-minute) glucose injections during periods of adequate carbohydrate intake. Fractional removal rates (k) were determined after calculation of the slope (b) of the straight line formed by the plot of logarithms of glucose values [glucose oxidase method (11) or autoanalyzer (12) ] from 20 to 60 minutes by the formula k = 2.3b and expressed as per cent per minute. Two-hour postprandial glucose levels were obtained after the ingestion of 100 g glucose. Postheparin plasma lipoprotein lipase assays were performed by the method of Fredrickson, Ono, and Davis (13) during periods of normal or high fat intake. Plasma triglyceride levels were determined by a modification of the method of Carlson previously described (14) , in some instances further modified by substitution of higher boiling isopropyl ether for ethyl ether in the batch elution step.
When plasma triglyceride levels had stabilized on the fat-free, high carbohydrate diet (usually 2 to 3 weeks), samples of venous blood for fat particle characterization were obtained after an overnight fast and collected in tubes containing ethylenediamine tetraacetic acid (EDTA).
At the end of this fat-free, high-carbohydrate feeding period, eight patients received a fat load of corn oil (2 to 3 g per kg) blended in skim milk (except patient Sa, who received whole milk). Venous blood samples collected in EDTA were obtained periodically for the next 24 to 48 hours while fat-free feeding was continued.
Laboratory methods. Zone electrophoresis on starch granule blocks was performed at 15 to 200 C by the method of Kunkel and Trautman (15) under conditions previously described (7) . Electrophoresis was continued for sufficient time for albumin to migrate 6 to 8 inches from the origin toward the anode (18 to 24 hours). Starch segments 1 cm or i inch wide were cut and eluted with 0.9% NaCl by stirring in a Vortex mixer (7) . Samples of each fraction were removed for protein determination (16) and nephelometric measurement (Coleman model 14; adapted for nephelometry). Migration distance of each turbid peak was determined by triangulation and expressed relative to the migration distance of albumin (1.0). Two to five such determinations of relative migration were made from samples obtained on different days during a single fat-free, high-carbohydrate 1 Mead Johnson, Evansville, Ind. period for each of several subjects. Calculation of the precision of replicate analysis (17) yielded a coefficient of variation of 11%.
There appeared to be several factors affecting particle mobility, in addition to pH and ionic strength of the buffer. Exposure of plasma to refrigerator temperatures produced visible creaming in some samples that was associated with adherence of particles to the starch at the origin. A similar effect was noted with prolonged storage. Therefore, electrophoresis was performed within 24 hours after collection. Samples were kept at room temperature and warmed briefly to 370 C before application to the block. There was some variation among different lots of potato starch. The most consistent results were obtained with the coarsest starch available. Fatty acids, liberated by in vitro lipolysis from lipemic samples, theoretically could have affected particle mobility (18) . Prolonged incubation of lipemic plasma at 370 C, which produced a fivefold increase in titratable free fatty acids, resulted in the migration of all the liberated fatty acids in the albumin fraction, and particle mobility was not altered.
Fat particles (Sf > 400) were isolated for analysis from pooled turbid electrophoretic fractions by centrifugation in a Spinco SW 39 swinging bucket rotor approximately 3 X 10°g X minutes at 20 to 250 C in the model L2 ultracentrifuge. The packed surface band of fat particles was removed in a minimal volume by careful suction, resuspended, a layer of 0.9% NaCl added, and spun a second time under the same conditions. The particulate fat was then extracted in chloroform: methanol (2:1, vol: vol), and the extracts were washed once with vol of 0.9% NaCl containing 0.1% EDTA. The chloroform layer was evaporated to dryness, transferred to 10-ml volumetric flasks, and made up to volume with chloroform. The extracts were kept at -100 C until analyses were performed. Analyses of fat particles isolated after a third centrifugation through saline, when compared to those obtained after the second centrifugation, yielded virtually identical composition but substantially reduced recovery; hence two spins were selected for routine analysis.
Portions of the particulate fat extract were analyzed for total sterol by the ferrous sulfate method (19) , for esterified sterol after thin-layer silicic acid fractionation (20) , for lipid phosphorus by the Bartlett method (21), and for total fatty acids by the single extraction and titration procedure of Dole and Meinertz (22) after saponification with 0.5 N KOH in 95% ethanol for 2 hours at 800 C. The per cent composition by weight of each major lipid class was calculated after the following corrections were made: 1) Total sterol X 1.5 = total cholesterol (TC) (assuming * of total sterol is esterified, and the average mol wt of fatty acid (FA) esters is 280). 2) Lipid P X 25 = phospholipid (PL). 3) Total fatty acids (TFA, in microequivalents) X 280 = total fatty acids (micrograms).
Triglycerides were calculated as follows by assuming FA represents by weight, 95% of triglyceride, 72% of When sufficient material was available, particulate fat extracts were analyzed for triglyceride by the above total fatty acid method and by the direct glycerol method. Both methods agreed closely (coefficient of variation = 1.5% for nine pairs).
Plasma obtained at the end of the fat-free feeding period, before and after the ingestion of corn oil, was analyzed for turbidity, and particulate fat fractions were separated by both starch block electrophoresis and PVP flocculation (8) . Columns of 3% PVP were used rather than 0 to 5% gradients, because of relative ease of preparation and the demonstration that both methods provide similar separations (23) . Triglyceride fatty acid (TGFA) composition of the isolated fat particles was determined by methods previously described (7) , which include thin-layer silicic acid chromatography for separation of triglycerides from chloroform-methanol extracts and gas-liquid chromatography for analysis of TGFA methyl esters. Gas-liquid chromatography was performed on 4-or 6-foot ethylene glycol succinate polyester columns at 1750 C with an argon ionization detector containing an Sr9' source (either Barber-Colman series 5000 or Pye-Argon). Relative mass distributions were calculated from the major peaks (14: (25) and the corn oil mixture were processed in a similar manner.
Results
All patients in this group had demonstrable abnormalities of carbohydrate tolerance (Table   I) . Three (Ok, Ko, Al) had clinically evident, mild, adult-onset diabetes with elevated fasting blood glucose levels and occasional glucosuria. Of the other 12 patients, all had normal fasting blood glucose levels, but elevated levels (> 100 mg per 100 ml) 2 hours after a carbohydrate load. The average fractional removal rate (k) of intravenous glucose loads, 1 the normal range reported by Fredrickson and associates (13) .8 All but two subjects demonstrated an increase in plasma triglyceride levels when their diet was changed from basal to fat free. This change was associated with the maintenance of grossly visible 3 One patient studied, a 25-year-old male, showed rapid clearing of lipemia on the fat-free regimen, very low levels of lipoprotein lipase (0.08 .IEq per ml per minute), and normal glucose tolerance (k = 1.46), characteristics of "fat-induced" lipemia (4), and therefore was not included in the group. His plasma fat particle response to a fat load, although exaggerated and prolonged, was qualitatively similar to that previously described in normals (7) . lipemia in all; however, one of the two turbid peaks usually observed in their lipemic plasma on fat-containing diets disappeared (Figure 1 ). The remaining fat particles on the fat-free regimen were electrophoretically homogeneous ("hyperlipemic particles"), but distinct from either type of fat particle observed in plasma of normals during alimentary lipemia (Table II) . They migrated in the zone between beta and alpha2 globulin (migration distance, 0.51 ± 0.07; albumin = 1.00), significantly different from either normal primary particles (p < 0.05) or secondary particles (p < 0.001). In PVP columns, however, they produced a broad hazy zone above the (Figure 2 ).4 However, on PVP columns, primary particles typically flocculated at the top and could be readily isolated. Hyperlipemic particles remained as a diffuse opalescence concentrated at the lower portion of the tube. Thus, by both methods, the three types 4 Separation of primary and hyperlipemic particles by electrophoresis was possible in one instance (Ok), and data obtained as a result of this separation are included in Table IV. of particle observed in this study were identified and separated.
As observed previously (7) the linoleic acid: oleic acid ratio of TGFA in primary particles, isolated by PVP fractionation, closely resembled the fed fat (Table IV) . The TGFA pattern in secondary particles, isolated by electrophoresis, showed greater differences from the corn oil pattern. Since the turbid peak in the alpha2 region contained both hyperlipemic and primary particles, the imprint of dietary TGFA on hyperlipemic particles was difficult to evaluate.
A comparison of the lipid composition of particles isolated from the alpha2 region on electrophoresis to primary particles separated from the same sample on PVP columns reflects this mixing (Table V) . The cholesterol content of the particles in the alpha2 region decreased in all studies after fat ingestion (p < 0.001, paired comparisons), but remained above that found in primary particles. Cholesterol in primary particles of these patients, isolated by PVP separation (7 2%o), was similar to that previously observed in normal subjects (8 3%o, p > 0.70). A summary of the relationship among primary, secondary, and hyperlipemic particles, as determined from ultracentrifugal, electrophoretic, and flocculation data, is depicted in Figure 3 and Table 6 .
Discussion
The group of hyperlipemic subjects comprising the present study is similar to the "carbohydrate-induced" lipemic patients described by Ahrens and colleagues (4, 5) . In general accord with their observations, these patients had grossly visible lipemia on moderate fat intakes, and this lipemia usually increased after a change to a fat-free, high-carbohydrate diet. In addition, they had normal postheparin plasma lipoprotein lipase levels and manifested some degree of carbohydrate intolerance (6) . The group differs in that most of the patients included in this study had abnormal responses to oral and intravenous carbohydrate loads, and several had abnormal fasting blood glucose levels. Since none of these patients had insulin-dependent, diabetes, no further subdivision of the group based on the severity of carbohydrate intolerance was made. They appear to be similar to patients with "idiopathic hyperlipemia" and mild diabetes previously described (30) (31) (32) (33) (34) .
On fat-containing diets, a heterogeneous mixture of fat particles accumulated in postabsorptive plasma of these hyperlipemic subjects, consistent with earlier observations of Swahn (9) and Carlson and Olhagen (10) origin disappeared from plasma, revealing a single homogeneous group of particles. Plasma triglyceride levels increased after this dietary shift in most, but not all, patients in this study. Presumably, the highly variable accumulation of alimentary fat particles that preceded the institution of the fat-free diet influenced the direction and magnitude of change in plasma triglyceride concentration. The hyperlipemic particles, persisting after the elimination of dietary fat, differ from particles isolated during alimentary lipemia in both normal subjects and the patients in the present study. First, they contain more than twice as much cholesterol as do primary' or secondary particles.
The cholesterol-rich, lowest density lipoprotein fraction reported in patients with elevated plasma triglyceride levels on mixed diets presumably reflects the presence of hyperlipemic particles (35) (36) (37) (38) (39) (40) . Large concentration of particles such as these, rich in both cholesterol and triglyceride, could account for the correlation reported by Albrink (37) between the degree of hyperlipemia and the proportion of total plasma cholesterol present in the particulate fraction. Second, their electrophoretic behavior differs from that of other particles, since they migrate faster than secondary particles and slightly slower than primary particles. However, they are operationally difficult to separate from primary particles by electrophoresis alone. Third, although they interact with PVP, they do not form discrete, visible aggregates as do primary or secondary particles. Rather, they produce a dense bluish opalescence that is concentrated above the plasma layer but extends in diminished concentration to the top of the tube. Finally, their TGFA pattern is distinctly different from adipose tissue triglyceride. In accord with observations of Ahrens and Spritz (5), they were found to contain a high proportion of saturated fatty acids, suggesting that they are derived from hepatic lipogenesis (41) .
Hyperlipemic particles and fat particles isolated during alimentary lipemia are similar only in that they form turbid solutions at room temperature and readily float with centrifugation (106 g X minutes in an angle rotor; Sf > 400) in saline (D < 1.006). Thus, they are difficult to fractionate by ultracentrifugation alone.
After fat ingestion, apparently typical primary and secondary particles may appear in plasma of these subjects and readily accumulate. They reach a higher peak level at a later time and persist longer in plasma than in normal subjects ingesting similar fat loads (7). Presumably, this is related to a rate-limiting, common removal mechanism for all types of particulate triglyceride, since Nestel has reported greater accumulation of triglyceride during alimentary lipemia in plasma from patients with initially elevated circulating triglyceride levels (42) . Therefore, in hyperlipemics ingesting mixed diets, a complex array of fat particles may be present in plasma. For example, dietary fat may accumulate in primary particles even though a basic abnormality of hyperlipemic particle turnover exists, resulting in the mixture observed in this and other studies (9, 10, 43) .
Thus, combined evidence indicates that the broad class of lowest density lipoproteins (density less than 1.006, Sf 20 to 105) is heterogeneous. They can be fractionated into three distinct groups after fat ingestion in normal subjects, and a fourth in many hyperlipemic subjects by a combination of methods including zone electrophoresis on nonadsorptive media, ultracentrifugation, and PVP flocculation (Figure 3) .
Specifically, alpha2 lipoproteins, delineated by Kunkel and Trautman (15) , are present normally in small quantities in postabsorptive plasma and have flotation rates in the Sf 20 to 400 range. Primary particles also migrate in the alpha2 globulin region. They can be distinguished by their turbidity in solution at room temperature and can be separated either by brief ultracentrifugation in saline or PVP flocculation. Secondary particles, on the other hand, migrate in the ,8-globulin region and can be readily isolated after electrophoresis from denser A-lipoproteins (Sf 0 to 20) by centrifugation in saline. Hyperlipemic particles closely resemble alpha2 lipoproteins (Sf 20 to 400), with the methods employed, except with regard to flotation rate. Possibly, they are derived from alpha2 lipoproteins simply by the addition of excess triglyceride formed in the liver as a result of enhanced lipogenesis, presumed to be a characteristic of carbohydrate-dependent lipemia (44) .
Summary
In plasma of hyperlipemic subjects on ordinary diets, a mixture of fat particles can be found with properties similar to primary and secondary particles observed in normal subjects during alimentary lipemia. However, when fat is excluded from the diet for prolonged periods, plasma from patients who maintain gross hyperlipemia contains only one type of particle distinctly different from those recovered following fat ingestion. This "hyperlipemic" particle is unusually rich in cholesterol and, although grossly visible (Sf > 400), resembles very low density lipoproteins (Sf 20 to 400) more closely than other lipidprotein aggregates. Fat particle mixtures in plasma can be fractionated by a combination of methods, including zone electrophoresis on nonadsorptive media, ultracentrifugation, and polyvinylpyrrolidone flocculation.
